Biofilms are structured communities of cells that are encased in a self-produced polymeric matrix and are adherent to a surface. Many biofilms have a significant impact in medical and industrial settings. The model gram-positive bacterium Bacillus subtilis has recently been shown to form biofilms. To gain insight into the genes involved in biofilm formation by this bacterium, we used DNA microarrays representing >99% of the annotated B. subtilis open reading frames to follow the temporal changes in gene expression that occurred as cells transitioned from a planktonic to a biofilm state. We identified 519 genes that were differentially expressed at one or more time points as cells transitioned to a biofilm. Approximately 6% of the genes of B. subtilis were differentially expressed at a time when 98% of the cells in the population were in a biofilm. These genes were involved in motility, phage-related functions, and metabolism. By comparing the genes differentially expressed during biofilm formation with those identified in other genomewide transcriptional-profiling studies, we were able to identify several transcription factors whose activities appeared to be altered during the transition from a planktonic state to a biofilm. Two of these transcription factors were Spo0A and sigma-H, which had previously been shown to affect biofilm formation by B. subtilis. A third signal that appeared to be affecting gene expression during biofilm formation was glucose depletion. Through quantitative biofilm assays and confocal scanning laser microscopy, we observed that glucose inhibited biofilm formation through the catabolite control protein CcpA.
Many bacteria exhibit two distinct modes of growth, a freefloating planktonic mode and a sessile biofilm mode. Biofilms are structured communities of cells that are adherent to a surface, an interface, or each other and encased in a selfproduced polymeric matrix (7, 8) . They are thought to be the predominant growth state of bacteria in many natural environments. Biofilms also have a significant impact in medical and industrial settings, due in part to the increased antimicrobial resistance of bacteria in biofilms (18) . Despite this, the genes and regulatory signals that determine whether a planktonic cell will transition to a biofilm are still poorly understood.
Bacillus subtilis has been a model organism for the study of gram-positive bacterial physiology. It was recently demonstrated that both laboratory and wild isolates of B. subtilis form biofilms in a process that is dependent on the transcription factor Spo0A (3, 12) . Spo0A also acts to integrate intracellular and extracellular signals to direct the development of environmentally resistant spores (11) . However, sporulation is not required for biofilm formation, and the requirement for Spo0A in biofilm formation is bypassed by mutations in abrB (12) . In addition to Spo0A, the starvation-activated transcription factor sigma-H is required for the complex biofilm structures formed by the wild isolates of B. subtilis (3) . These data indicate that biofilm formation is a genetically programmed event that involves a change in gene expression.
Here, we present a functional genomics approach to studying the regulation of biofilm formation by B. subtilis. We used DNA microarrays, comprised of 4,074 of the 4,100 open reading frames of B. subtilis, to follow the changes in gene expression that occurred during the transition from a planktonic state to a biofilm state. By comparing the genes differentially expressed during biofilm formation with the genes previously identified as differentially expressed due to the presence of a transcription factor or environmental signal, we were able to identify several transcription factors and environmental signals that appeared to affect the expression of the genes under biofilm formation conditions (BFC). Two of the identified transcription factors were Spo0A and sigma-H. The remaining transcription factors, LytS, ResE, sigma-W, YbdK, YcbA, and YfiJ, and the environmental signals, catabolite repression and oxygen depletion, had not previously been shown to affect biofilm formation by B. subtilis. By quantifying biofilm formation at different glucose concentrations, we were able to show that biofilm formation by B. subtilis is catabolite repressed through the transcription factor CcpA.
MATERIALS AND METHODS
Plasmid construction. Plasmid pBL159, used for disrupting ccpA, was constructed by PCR amplifying the cat gene from pGEM-cat (36) with Pfu (Promega) using primers CM1 (5Ј-AAGCATGCGTTACCCTTATTATCAAGA-3Ј) and CM2 (5Ј-AAGCATGGGGAGCTGTAATATAAAAAC-3Ј). The cat gene was subsequently cloned into an end-filled SapI site in pUC19 to generate pBL132. A derivative of pBL132 was constructed by amplifying a 318-bp internal fragment of ccpA, starting at base 127 relative to the A of the ATG start codon, by PCR using primers BL196 (5Ј-GAACGTCTCGGTTACCGTCC-3Ј) and BL197 (5Ј-CAGAAGCGGCAAGTACAATCG-3Ј). The PCR product was blunt cloned into the SmaI site in pBL132 to generate pBL159.
The qcrA-and hutP-lacZ fusion constructs were generated through the PCR amplification of the promoter region with primers containing specific restriction enzyme sites (EcoRI and BamHI, underlined in the primer sequences). Primers BL203 (5Ј-GCGAATTCAGTTAAAGGGACGG-3Ј) and BL204 (5Ј-GCGGAT CCACAAATTGGCGAAAG-3Ј) were used to amplify the qcrA promoter region, and primers BL208 (5Ј-GCGAATTCTAACTGCTTTGTCAGG-3Ј) and BL209 (5Ј-GCGGATCCCCGAAGCAGCGATCCCAG-3Ј) were used for the hutP promoter region. These primers amplified from Ϫ429 to ϩ300 for qcrA and from Ϫ361 to ϩ303 for hutP, with ϩ1 being the A of the ATG start codon of the respective genes. The regions amplified were chosen to include any necessary promoter region motifs (33, 37) . The PCR products were ligated to the EcoRI and BamHI sites of the pKS2 vector (22) to generate plasmids pBL163 and pBL164 for qcrA and hut, respectively.
Plasmid pBL165 carries gfpmut2 (6), which encodes a variant of the green fluorescent protein (GFP) that fluoresces more intensely, and cat flanked by the 5Ј and 3Ј ends of amyE. This plasmid expresses GFP from a strong promoter, Pspac-hy (30) . To construct pBL165, gfpmut2 was PCR amplified from pKL147 (20) with primers BL21 (5Ј-GGCCAAGCTTAAGGAGGTGATCATTAAAAA TGAGTAAAGGAGAAGAAC-3Ј) and BL22 (5Ј-GGCCGGATCCTGCAGGT CTGGACATT-3Ј). The underlined sequences are HinDIII and BamHI restriction enzyme sites, and the italic sequence is a ribosome-binding site 7 bp upstream of the ATG start codon of gfpmut2 (indicated in boldface). After cleavage of this PCR product with HinDIII and BamHI, it was ligated to the HinDIII-to-BamHI vector fragment of pPL82 (21) . This resulted in replacement of the gene encoding the Pspac-hy repressor, lacI, with gfpmut2, allowing constitutive expression of gfpmut2.
Strain construction. The B. subtilis strains used in this study were constructed by transformation with chromosomal DNA or plasmids using standard protocols (13) . All of the strains are derivatives of the parental strain BAL218 (JH642) and contain trpC2 and pheA1 mutations (28) . The ccpA mutant strain BAL795 (ccpA::pBL159 cat) was isolated by transforming BAL218 with pBL159 and selecting for chloramphenicol-resistant transformants. Plasmid pBL159 cannot replicate in B. subtilis, and chloramphenicol-resistant transformants have pBL159 integrated into the chromosome via homologous recombination at ccpA.
Strains BAL812 [amyE::(qcrAЈ-lacZ neo)] and BAL829 [amyE::(hutPЈ-lacZ neo)] were constructed by transforming BAL218 with pBL163 and pBL164, respectively, and selecting for the neomycin resistance associated with the lacZ fusion. Neomycin-resistant transformants that had amyE replaced with the lacZ fusion were screened for based on an amylase-negative phenotype on 1% starch agar plates (13) .
Wild-type and ccpA mutant strains expressing GFP were used for confocal scanning laser microscopy (CSLM) analysis of biofilm formation. BAL835 [amyE::(Pspac-hy-gfpmut2 cat)] was generated by transformation of BAL218 with plasmid pBL165, selecting for chloramphenicol resistance associated with Pspac-hy-gfpmut2. Transformants that had amyE replaced with gfp were selected based on an amylase-negative phenotype. As ccpA and Pspac-hy-gfpmut2 were both linked to cat, the cat associated with Pspac-hy-gfpmut2 was disrupted with the gene encoding spectinomycin resistance to generate BAL836 [amyE::(Pspac-hy-gfpmut2 cat::spc)]. This was accomplished by transforming BAL835 [amyE::(Pspac-hy-gfpmut2 cat)] with pJL62 (19) , selecting for spectinomycin-resistant colonies and screening for chloramphenicol sensitivity. BAL837 [ccpA::pBL159 (cat) amyE::(Pspac-hy-gfpmut2 cat::spc)] was generated by transformation of BAL795 (ccpA::pBL159 cat) with chromosomal DNA from BAL836 and selecting for spectinomycin resistance.
Microtiter plate assay of B. subtilis biofilm formation. The microtiter plate assay measures the level of cells adhering to the surfaces of the microtiter plate wells. These assays were performed as described by Hamon and Lazazzera (12) with the following exceptions. The cells were grown in biofilm growth medium (a Luria broth-based medium buffered at pH 7.0 and supplemented with 1 mM MgSO 4 and 0.1% glucose [12] ), except that the concentration of glucose or other added supplements was varied as appropriate for each experiment. For each assay, the optical densities at 570 nm (OD 570 ) of between 16 and 24 wells were averaged. The standard error of the mean of these wells was Ͻ10%. Each assay was repeated on at least three separate occasions, and the averages from all assays were averaged to determine the level of biofilm formation for a strain in the presence of a medium supplement.
Growth of cells for RNA isolation and cell counts. RNA was isolated from BAL218 cells grown under planktonic formation conditions and BFC. Planktonic conditions were achieved by growing cells in biofilm growth medium (12) at 37°C with shaking at 200 rpm to late-exponential growth (OD 600 ϭ 2.5). The cells were then diluted to an OD 600 of 0.1 in fresh biofilm medium, and an aliquot was immediately harvested for RNA isolation. This sample was defined to be the planktonic cell population. BFC were achieved by placing 20 ml of the diluted planktonic culture into 250-ml beakers and incubating them at 37°C without shaking. The complete contents of a beaker, which included both planktonic and biofilm cells, was harvested 8, 12, and 24 h after transfer to BFC for RNA isolation. Cells from both planktonic and biofilm growth conditions were harvested by centrifugation and placed immediately at Ϫ80°C. RNA was isolated from these cells using an RNeasy Midi Prep kit (Qiagen) according to the manufacturer's instructions. The resulting RNA was checked by gel electrophoresis for DNA contamination and for the presence and integrity of the rRNA bands. The amount of RNA was quantified using a spectrophotometer.
The percentages of cells within the biofilm and planktonic phases were calculated after 8, 12 , and 24 h of incubation under BFC. The cells were grown as described above for BFC, and an aliquot of the lower planktonic layer was collected by extraction of 1 ml of medium, at the appropriate time points, with minimal disruption to the cells at the air-surface interface in the forming biofilm. This was defined as the planktonic population sample, and at each time point, the planktonic phase appeared homogeneous with no apparent settling of the cells. The contents of the beaker was then vortexed to generate a homogeneous sample consisting of both biofilm and planktonic cells, and this sample was defined as the total cell population. A separate beaker was used for each time point. Viable-cell counts were performed on the planktonic population sample and the total cell population sample at the appropriate time points. The number of CFU per milliliter of the total cell population minus the number of CFU per milliliter in the planktonic population equals the number of biofilm CFU per milliliter. The number of biofilm CFU per milliliter divided by the number of colony CFU per milliliter of the total cell population provided the percentage of cells in the biofilm.
Microarray experiments and data analysis. Construction of the DNA microarray slides, probe labeling, and the hybridization conditions used were as described previously (4) . The biofilm and planktonic growth condition RNA samples were fluorescently labeled with Cy5 and Cy3 (Perkin-Elmer Life Sciences), respectively, through the generation of cDNA (4). The DNA microarrays were simultaneously hybridized with the planktonic cDNA and a biofilm cDNA to determine the ratio of gene expression under BFC to that under planktonic growth conditions. A ratio of Ͼ1.0 represents a higher level of expression under BFC, and a ratio of Ͻ1.0 represents a higher level of expression under planktonic growth conditions. For each gene, the ratio was generated using the average of three independent experiments (independently grown and prepared samples). The variance associated with the average ratio for each gene was calculated by dividing the standard deviation associated with the ratio by the average of the three independent values. The data were then analyzed essentially as described previously (4) , with the exception that the iterative outlier analysis was performed for three sets of data for each time point. The first set was genes whose variance was Ͻ0.7, the second set was those genes whose variance was Ͻ0.4, and the third set was those whose variance was Ͻ0.1. By separately analyzing those genes that had a low variance, we were able to identify through iterative outlier analysis the genes that had a small change that were otherwise masked by the more variable data sets. The genes identified in the outlier analysis of the three data sets were combined to construct a full list of genes that were outliers for each time point.
␤-Galactosidase assays. ␤-Galactosidase specific activity was measured in B. subtilis samples grown under both planktonic and BFC growth conditions. B. subtilis cells harboring a lacZ fusion were grown with shaking in biofilm medium until late exponential phase, as described above for the growth of cells for RNA isolation. The cells were then diluted to an OD 600 of 0.1 in fresh biofilm medium, and an aliquot of the cells was retained, by centrifugation, as the planktonic sample. To generate the biofilm samples, 100 l of the diluted culture was aliquoted in a PVC microtiter plate and placed at 37°C to allow biofilm formation. Twenty-four hours after the cells were transferred to the microtiter plate, the entire contents of four microtiter plate wells were collected and combined. At that time, the cells had formed maximal levels of biofilms (12) . The samples were homogenized by vortexing them, and the number of cells was quantified by reading the OD 600 . The cells from the biofilm and planktonic samples were harvested by centrifugation and resuspended in Z buffer (23) . The ␤-galactosidase activity of the cells was measured essentially as described previously (22, 23) and is presented as an n-fold change in ␤-galactosidase specific activity between the planktonic and biofilm samples.
Confocal microscopy. Confocal microscopy of wild-type (BAL836) and ccpA (BAL837) strains was performed as described previously (12) . The depth of the biofilm in the z plane was measured directly from the image captured from the computer, and the average depth of the biofilm was calculated by averaging the depths of at least two independent images of biofilms grown in three independent experiments (n ϭ 6).
RESULTS

Identification of genes differentially expressed under BFC.
DNA microarrays, comprised of 4,074 of the 4,100 open reading frames of the B. subtilis genome (4), were used to monitor the differences in mRNA composition between cells grown under BFC and planktonic conditions. RNA from cells grown under BFC was harvested 8, 12, and 24 h after the transfer of planktonic B. subtilis cells to conditions optimal for biofilm formation. These cells transitioned from a planktonic state to a medium-air interface biofilm, with 7% of the cells in a biofilm at 8 h, 35% of the cells in a biofilm at 12 h, and 98% of the cells in a biofilm by 24 h. As the entire contents of the vessel used to grow the cells under BFC was harvested, the RNA from the BFC samples was a mixture of planktonic and biofilm cell RNAs. RNA was also isolated from the planktonic cells that were used to initiate biofilm formation. RNA samples from cells under BFC and planktonic growth conditions were fluorescently labeled with Cy5 and Cy3, respectively, through the generation of cDNA. The DNA microarrays were simultaneously hybridized with the planktonic growth condition and BFC cDNA samples to determine the ratio of gene expressions under these growth conditions. Those genes that had highly variable expression ratios were eliminated from further analysis (see Materials and Methods). Approximately 64% of the genes gave reproducible expression ratios, and as much as a 25-fold difference in the expression level of a gene was observed.
Iterative outlier analysis was applied to the expression ratios to determine which genes had significantly different expression under BFC versus planktonic conditions (4). A total of 519 genes were differentially expressed during the biofilm formation time course. More than 55% of these differentially expressed genes were expressed at only one time point, indicating a temporal control of gene expression. Sixty-one percent of the differentially expressed genes encode proteins with an assigned function, and 39% encode proteins of unknown function (http://www.mimg.ucla.edu/faculty/lazazzera/index.html ?FacultyKey ϭ 788). Most of the functional gene categories for B. subtilis are represented among the differentially expressed genes, with a large number of genes involved in motility and chemotaxis, phage-related functions, membrane bioenergetics, glycolysis, and the tricarboxylic acid cycle being differentially expressed (http://www.mimg.ucla.edu/faculty/lazazzera/index .html?FacultyKey ϭ 788). Some of these differentially expressed genes have also been identified as differentially expressed during biofilm formation by other bacteria, suggesting conserved responses of bacterial cells to biofilm formation (see Discussion).
Identification of transcription factors that affect gene expression under BFC. To identify environmental signals or transcription factors that could be regulating the genes differentially expressed under BFC and therefore biofilm formation, we compared the genes differentially expressed under BFC with genes identified as differentially expressed through other genomewide expression-profiling studies (2, 4, 5, 10, 17, 24, 25, 26, 34, 35) . We hypothesized that, if a transcription factor regulates biofilm formation, a significant percentage of the genes controlled by that transcription factor would be differentially expressed under BFC. As a test of this hypothesis, we compared the genes differentially expressed under BFC with those identified through genomewide transcriptional profiling as regulated by Spo0A (10), a transcription factor that is known to be required for biofilm formation in both laboratory and wild isolates of B. subtilis (3, 12) . Twenty-two percent of Spo0A-regulated genes were differentially expressed under BFC ( Table 1) . As Spo0A is required for biofilm formation, we predicted that Spo0A-activated genes would be expressed at higher levels and that Spo0A-repressed genes would be expressed at lower levels in the biofilm samples. Sixty-eight percent of the differentially expressed biofilm genes regulated by Spo0A followed this pattern (Table 1) , with maximal expression or repression 12 and 24 h after incubation under BFC (Fig. 1) . Indeed, expression of spo0A itself was maximal at 24 h.
Sigma-H is known to be required to form the complex fruiting-body structures seen in biofilms formed by wild isolates of B. subtilis (3) . We examined whether sigma-H affected gene expression in a laboratory isolate of B. subtilis under BFC. Although expression of sigH itself did not appear to change, 153 of the 433 sigma-H-regulated genes (4) were identified as differentially expressed under BFC (Table 1) . To address the question of whether sigma-H was activated under BFC, we examined the expression profiles of the sigma-H genes throughout the biofilm formation time course. Seventy-nine percent of the 153 genes indicated that sigma-H-activated and -repressed genes were expressed at higher or lower levels, respectively, in the biofilm sample 12 and 24 h after incubation under BFC (Fig. 1) . Thus, it appeared that sigma-H had a major effect on gene expression by the laboratory strain of B. subtilis during biofilm formation.
To find additional transcription factors and environmental signals that might affect biofilm formation, we compared the genes identified as differentially expressed under BFC to genes identified through other genomewide transcriptional-profiling experiments as regulated by ComK (2, 25) a Number (percent) of genes known to be controlled by the indicated regulator that were differentially expressed under BFC.
b Time under BFC at which the genes activated by the regulator are maximally expressed and the genes repressed by the regulator are least expressed.
c Number (percent) of genes differentially expressed under BFC and known to be controlled by the regulator that are maximally expressed or repressed at the time indicated in the previous column. For example, we found 40 of the 68 genes which are regulated by glucose and differentially expressed under BFC to have maximal expression at 8 h under BFC. latory systems (17) , glucose (24, 35) , oxygen (34) , and cysteine (1). Since 22% of the genes identified as regulated by Spo0A (10) were differentially expressed under BFC and Spo0A is involved in biofilm formation by B. subtilis, we considered further those transcription factors or environmental signals for which Ͼ20% of the genes regulated by that specific factor were differentially expressed under BFC. Furthermore, we considered a transcription factor or environmental signal to be controlling the expression of genes under BFC only if the majority of the genes regulated by the specific factor and differentially expressed under BFC had the same pattern of expression over the time course. For example, 100% of sigma-W-controlled genes that were identified as differentially expressed under BFC were maximally expressed in the biofilm sample at 8 h (Table 1 ). This suggested that the sigma-W-induced genes that were expressed during biofilm formation were probably expressed due to increased sigma-W activity rather than some other factor. Based on these criteria, LytS, ResE, YbdK, YcbA, and YfiJ were also identified as having a significant effect on gene expression during biofilm formation, with maximal activity 8 h after incubation under BFC (Table 1) . Of these transcription factor genes, both sigW and ycbA were differentially expressed under BFC. In addition, the genes that are inhibited or activated by the presence of glucose or the depletion of oxygen were maximally down-or up-regulated, accordingly, at 8 h in the biofilm formation time course (Table 1) .
Determination of the role of glucose in regulating biofilm formation. To determine whether the comparative DNA microarray analysis had identified any transcription factors or environmental signals that regulated biofilm formation, we examined the effect that glucose had on biofilm formation. Glucose was identified as regulating the largest number of genes under BFC after sigma-H and Spo0A (Table 1) . Forty genes whose expression is regulated by glucose were differentially expressed under BFC. The pattern of expression of glucoseregulated genes suggests that glucose was being depleted from the medium. Genes activated by the presence of glucose were maximally up-regulated at 8 h in the biofilm formation time course, and glucose-repressed genes were maximally up-regulated at 24 h in the time course (Fig. 1) . This is consistent with glucose being present 8 h and absent 24 h after transfer to BFC. The medium used to grow the cells under BFC contained 0.1% glucose.
To confirm via a second method that glucose-repressed genes were induced under BFC, we monitored the expression of two glucose-repressed genes, qcrA and hutP, by measuring the levels of ␤-galactosidase from strains containing either a qcrA-or hutP-lacZ transcriptional fusion. The levels of ␤-galactosidase activity were measured in cells grown under planktonic conditions and in cells incubated for 24 h under BFC. We observed 9.6-and 8.4-fold inductions in the expression of qcrA and hutP, respectively, under biofilm versus planktonic conditions. These data support the conclusion that glucose-regulated genes are differentially expressed under biofilm and planktonic conditions.
The correlation between the induction of glucose-repressed genes and biofilm formation led us to hypothesize that biofilm formation is inhibited by the presence of glucose. To test this hypothesis, we quantified the level of biofilm formation by cells grown in biofilm growth medium containing 1 or 0.1% glucose. Using a microtiter plate assay to quantify biofilm formation, we observed twofold-lower levels (P Ͻ 0.01) of biofilm formation in the presence of 1% glucose than in the presence of 0.1% glucose ( Table 2 ). The effect of glucose on biofilm formation was also assayed by CSLM of B. subtilis cells expressing GFP. In the presence of 1% glucose, the cells formed a biofilm with an average depth of 7.15 Ϯ 0.69 m, while in the presence of 0.1% glucose, the cells formed a biofilm with an average depth of 13.4 Ϯ 1.2 m (Fig. 2) . The difference in the levels of biofilm formation did not appear to be due to a negative effect of 1% glucose on growth, as comparable numbers of cells were reached under both conditions (data not shown). These data together indicate that glucose is a negative regulator of biofilm formation.
The inhibitory effect of glucose on biofilm formation would predict that high levels of biofilm formation would be observed in the absence of glucose. However, we consistently observed lower levels of biofilm formation (30% lower; P Ͻ 0.05) in biofilm growth medium lacking glucose than in medium containing 0.1% glucose, as quantified by the microtiter plate assay ( Table 2 ), indicating that glucose stimulates biofilm for- mation. It was previously reported that glucose, through metabolism to acetoin, could stimulate Spo0A activity under some sporulation development conditions (30) . To determine whether the stimulation of biofilm formation by glucose could be due to its metabolism to acetoin, we quantitated the levels of biofilm formation by cells grown in the presence and absence of 20 mM acetoin. Biofilm formation was stimulated 2.9-fold (P Ͻ 0.05) in the presence of acetoin, consistent with the metabolism of glucose to acetoin stimulating biofilm formation ( Table 2) .
Role of the catabolite control protein CcpA in regulating biofilm formation. As high levels of glucose inhibited biofilm formation, this suggested that biofilm formation might be subject to catabolite repression. To test this model, we determined whether biofilm formation by B. subtilis was inhibited by high levels of another catabolite sugar, fructose (9) . As quantified by the microtiter plate assay, cells grown in 1% fructose exhibited a fourfold-lower (P Ͻ 0.01) level of biofilm formation than cells grown in the presence of 0.1% fructose ( Table 2) . The difference in the levels of biofilm formation was not due to differences in the growth of the cells, as similar numbers of cells were reached under both conditions (data not shown). These data are consistent with biofilm formation being subject to catabolite repression.
The catabolite control protein CcpA of B. subtilis is a transcriptional regulator that mediates catabolite repression of many genes in B. subtilis in response to glucose and fructose (9, 15) . To determine whether the inhibition of biofilm formation in the presence of high levels of glucose was due to CcpA, we quantified the level of biofilm formation by a ccpA mutant strain grown in the presence of different concentrations of glucose by the microtiter plate assay. In the presence of 1% glucose, the ccpA mutant strain exhibited a 2.5-fold-higher (P Ͻ 0.01) level of biofilm formation than the wild-type strain ( Table 2) . Biofilm formation by a ccpA mutant strain in the presence of 1% glucose was also assayed by CSLM of strains expressing GFP. Under these conditions, the ccpA mutant strain formed biofilms with an average depth of 15.9 Ϯ 1.2 m (Fig. 2) , which is twofold greater (P Ͻ 0.01) than the biofilms formed by the wild-type strain. These data support the model that glucose inhibits biofilm formation by stimulating CcpA to inhibit a gene(s) that is involved in biofilm formation.
DISCUSSION
DNA microarrays of the B. subtilis genome were used to follow the changes in gene expression that occurred as B. subtilis cells transitioned from a planktonic state to a biofilm state. We used these data to identify several transcription factors and environmental signals that appeared to affect gene expression during this transition. Many of these transcription factors are regulated by an environmental stress, indicating that biofilm formation by B. subtilis is stimulated by nonoptimal growth conditions. Through quantitative biofilm assays and microscopic analysis, we were able to show that one of the environmental signals, catabolite repression, inhibited biofilm formation. This inhibition was mediated by the transcription factor CcpA, which appears to repress a gene that limits the depth of the mature B. subtilis biofilm. This indicates that biofilm formation is inhibited by the presence of a rapidly metabolized carbon source. The similarity of the genes that were expressed and the signals that regulate these genes in B. subtilis under BFC to those in the divergent Pseudomonas aeruginosa and Escherichia coli biofilms suggest that there may be conserved responses of bacterial cells to biofilm formation.
DNA microarrays identified transcription factors that affect biofilm formation. By comparing the results of the genomewide transcriptional-profiling study presented here with those of other B. subtilis genomewide transcriptional-profiling studies, we were able to identify several transcription factors and environmental signals that appeared to regulate genes during the transition from a planktonic cell to a biofilm. This is not a complete list of transcription factors that regulate gene expression under BFC, as even those transcription factors analyzed may not have appeared to regulate gene expression under BFC due to differences in the growth media or the strains used in the different genomewide transcriptional-profiling studies. However, two of the transcription factors, Spo0A and sigma-H, and one of the environmental signals, catabolite repression, identified through this approach affect biofilm formation. It is a Biofilm formation by B. subtilis in medium containing the indicated supplement was quantified using the microtiter plate assay after growth of the biofilms for 48 h. The data shown are the averages of between 3 and 43 independent experiments, and the numbers in parentheses represent the standard errors of the mean. ND, not determined. The percentages are the levels (wt/vol) of supplement added to the biofilm growth medium. WT, strain BAL218; ccpA, strain BAL795.
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GENOMIC ANALYSIS OF B. SUBTILIS BIOFILM FORMATION 1955 not yet known whether the other transcription factors identified also have regulatory roles in biofilm formation. Preliminary data indicate that sigma-W is not essential for biofilm formation (M. Hamon, N. Stanley, and B. Lazazzera, unpublished data). Although many of the transcription factors identified are maximally active after 8 h under BFC, when only 7% of the cells in the culture are in the biofilm, these transcription factors could be activating genes in the planktonic cells that direct these cells to form a biofilm. Indeed, it was previously postulated that oxygen depletion, which appears to occur at 8 h under BFC, may be an important signal for biofilm formation, as biofilm formation was observed only in standing cultures, which would be more oxygen limiting than slowly shaking cultures (12) . ResE, which appears to regulate gene expression under BFC, is part of a two-component regulatory system that is activated by anaerobiosis to regulate the expression of proteins involved in bioenergetics (34) . It will be interesting to determine whether ResE is active in planktonic cells and whether it could be regulating the decision to transition from a planktonic cell to a biofilm. Biofilm formation by B. subtilis is induced by nonoptimal growth conditions. From the transcription factors identified in this study as affecting the expression of genes under BFC, it would appear that biofilm formation by B. subtilis is stimulated by nonoptimal growth conditions. A large proportion of the genes identified as differentially expressed during biofilm formation are regulated by Spo0A and/or sigma-H (4, 10). Spo0A is required for cells to transition from an attached monolayer to a mature biofilm (3, 12) and is maximally active under conditions of starvation and high cell density (11) . In addition, sigma-H is required for the formation of the complex fruitingbody structures seen on biofilms formed by wild isolates of B. subtilis (3) and also is activated by starvation (14) . This suggests that starvation, and possibly high cell density, stimulates biofilm formation by B. subtilis.
Further support for biofilm formation by B. subtilis being stimulated by nonoptimal growth conditions is the finding that biofilm formation is inhibited in the presence of a rapidly metabolized carbon source. Similar observations have also been made concerning E.coli biofilm formation, which is also subject to catabolite repression (16) . The catabolite control protein CcpA mediated this inhibition in B. subtilis, and ccpA mutants formed thicker biofilms than wild-type strains in the presence of glucose. This suggests that in the presence of a preferred carbon source, B. subtilis cells prefer to be in a planktonic state. One possible model to explain the regulation of the depth of the biofilm is that, under conditions of catabolite repression, CcpA represses a gene that either decreases the rate of attachment of cells to a biofilm or increases the rate of detachment of cells from the biofilm.
The hypothesis that biofilm formation occurs under suboptimal growth conditions is supported by stimulation of biofilm formation in the presence of acetoin. Acetoin is a metabolic by-product of glucose metabolism and as such an indicator of the depletion of a rapidly metabolized carbon source. Although the mechanism by which acetoin stimulates biofilm formation by B. subtilis is unknown, it is possible that it is through the activation of Spo0A in a manner similar to acetoin activation of sporulation (30 (17) . These genes are maximally expressed 24 h after the transfer of cells to BFC, suggesting that at that time the cells may be starved for one or more amino acids. Genes differentially expressed in biofilm cells of B. subtilis and other bacteria. In addition to generating information about the transcription factors that regulate the transition from a planktonic state to a biofilm, this study also provided information about the nature of the genes that are differentially expressed in the biofilm cells. Six percent of the B. subtilis genome was identified as differentially expressed 24 h after transition to BFC, the time point when 98% of the cells are within a biofilm. It was proposed that there would be global changes in the gene expression profiles of cells growing within a biofilm versus cells growing in a planktonic state (8, 29) . However, microarray analysis of P. aeruginosa biofilms indicates that a relatively small percentage of genes (1%) have altered expression between biofilm and planktonic cells (31) . It is likely that the 6% of B. subtilis genes that are differentially expressed is an overrepresentation of the number of genes differentially expressed due to biofilm formation, as some of these genes have probably changed due to changes in the media. It appears that, similar to P. aeruginosa, a small percentage of B. subtilis genes change in response to biofilm formation.
One of the major classes of genes differentially expressed under BFC were those involved in motility. Thirty-five flagellar and chemotaxis genes were expressed at lower levels 24 h after transition to BFC; the majority of these genes are repressed through sigma-H activation, and their expression profiles are shown in Fig. 1 (http://www.mimg.ucla.edu/faculty/lazazzera /index.html?FacultyKey ϭ 788). The repression of genes involved in the synthesis of the flagella has also been seen in biofilms of P. aeruginosa and E. coli (29, 31) . This suggests that inhibition of flagellar-gene transcription may be a general phenomenon for bacteria in biofilms.
PBSX is a defective B. subtilis prophage (32); 17 genes in the B. subtilis genome involved in prophage production were more highly expressed in the biofilm, with maximal expression after 24 h of incubation under BFC. It has been proposed that prophage production may have a role in generating genetic diversity in the biofilm (31) . The higher expression levels of prophage genes in biofilm cells were also apparent from the P. aeruginosa study (31) . The induction of prophage genes may represent another general phenotype of bacteria in biofilms.
One set of genes that we would expect to be differentially expressed under BFC is genes involved in exopolysaccharide production, as such genes are required for biofilm formation in several bacteria (27) . One cluster of genes, yveK-yvfE, pre-dicted to be involved in exopolysaccharide production and required for the complex biofilm architecture formed by wild isolates of B. subtilis (3), was not differentially expressed in the gene expression profiling study presented here. However, the laboratory strain of B. subtilis used in this study does not form the complex architecture formed by the wild isolates. The genes involved in formation of the extrapolymeric matrix of the laboratory isolates of B. subtilis are unknown and may be included among the genes of unknown function differentially expressed under BFC.
The work described here demonstrates the use of DNA microarrays to identify environmental and transcription factors involved in regulating biofilm formation by B. subtilis. Similar approaches could be used to analyze other physiological processes in organisms for which detailed knowledge of the regulation of gene transcription is available. The analysis of the genes differentially regulated after 24 h of incubation under BFC has highlighted the similarity between biofilm-specific gene expression in B. subtilis and that in other bacteria. Likewise, the identification of catabolite repression as an inhibitor of biofilm formation in B. subtilis and E. coli (16) suggests that common regulatory mechanisms may control the transition of planktonic cells into a biofilm.
